Introduction
World record solar cell efficiencies for thin film and silicon (Si) solar cells are respectively 19.6% and 25.0%, where best performing thin film technologies are based on CIGS absorber layers [1] .
It is fair to say that a large part of this gap in world record cell efficiency between Si and CIGS technologies -which is even larger for record efficiencies achieved in the corresponding industries [2] stems directly from their difference in cell design complexity. In Si PV industry, more advanced passivated emitter and rear cell (PERC) or passivated emitter rear locally-diffused (PERL) and analogous cell designs are being introduced to reach high efficiencies using ever thinner wafers [3, 4] . Standard advances are the use of front and rear surface passivation layers, a selective emitter, and locally-diffused point contacts at the rear [4] .
The rear of those advanced Si cell designs is improved by a combination of an adequate rear surface passivation stack and micron-sized local point contacts, which allows the use of thinner wafers -from 300 mm down to less than 200 mm -and improves the rear surface passivation and rear internal reflection significantly. A schematic representation of the rear of this p-type Si PERC design is shown in Fig. 1(a) ; the typical Si wafer thickness, minority carrier diffusion length (L n ), contact opening diameter and distance between contact openings are specified [5] [6] [7] . Characteristic surface passivation layers for p-type Si are a combination of aluminum oxide (Al 2 O 3 ), silicon oxide (SiO 2 ), and hydrogenated silicon nitride (SiN x :H) [8, 9] , while the micron-sized openings are generated industrially by applying laser technology [7, 10, 11] .
The purpose of this work is to apply this concept of rear surface passivation in an industrially viable way to CIGS solar cells. Therefore, an advanced cell design is developed to decrease the area of back contacting of CIGS solar cells combining a rear surface passivation layer and -since thin film solar cells have short minority carrier lifetimes and thus diffusion lengths -a technologically feasible approach to generate nano-sized local point contacts. This way, back contact recombination is reduced enabling higher efficiencies, particularly for ever thinner CIGS absorber layers -from 3 mm down to less than 1.5 mm. Hence, assuming L n between 0.75 and 1.50 mm is feasible [12, 13] the contact openings targeted are between 200 and 400 nm in diameter with internal spacing between 1.5 and 3.0 mm, as roughly deducted from the Si PERC design and shown in Fig. 1(b) .
Material and methods

Material
A detailed description of CIGS solar cells fabricated in this work can be found in [14] ; excluding the absorber layer formation and the advanced back contact design. The substrate used is low-iron soda lime glass (SLG) with a thickness of 1 mm. The back contact Mo layer is deposited in an inline sputtering system, has a sheet resistance of 0.6 Ω/□ and a typical thickness of 350 nm. The buffer layer is deposited using a standard CBD CdS process. The CBD CdS is grown at 60 1C in a solution with 1.136 M ammonia, 0.100 M thiourea and 0.003 M cadmium acetate. Next, the shunt reducing intrinsic ZnO layer (i-ZnO), and subsequently the Al-doped ZnO (ZnO:Al) front contact of the cells are sputtered. The (i-)ZnO(:Al) stack has a total thickness around 400 nm. The front contact grid is a Ni/Al/Ni stack deposited by evaporation through a shadow mask and its total thickness is around 3000 nm. Finally 0. [12] , and to exclude any other rear surface passivation effects (e.g. a quasi-electrical field created by a Ga gradient causing a slope in the conduction band). This approach leads to cell efficiencies below 16.5%, but allows an evident boost in solar cell characterization results if the advanced CIGS cell design functions.
The advanced back contact design combines an ALD Al 2 O 3 rear surface passivation layer and CBD of CdS to generate nano-sized local rear point contacts. The ALD Al 2 O 3 passivation layers are deposited in a temporal ALD reactor at standard temperatures using trimethylaluminum (TMA) and ozone (O 3 ) as precursors; and the same CBD process as used for the CdS buffer layer is applied.
Methods
The J-V-measurements are performed at 25 1C under standard AM1.5 G conditions in a home-made system with a tungsten halogen lamp, which is calibrated using a certified silicon photo diode. The CIGS solar cells are modeled using the latest version (3.2) of SCAPS [15, 16] , a list of parameter values used in the SCAPS modeling can be found in Appendix A. Rear internal reflection at the Mo/(CdS/ Al 2 O 3 /)CIGS interface is calculated as in [17] , applying thickness, refractive index and extinction coefficient of the Al 2 O 3 layer as measured on a Si substrate using spectrally resolved ellipsometry.
Results and discussion
SCAPS modeling
The fabricated CIGS solar cells are modeled using SCAPS [15, 16] . 1 . Schematic representation of the rear of (a) a p-type Si solar cell with a surface passivation stack and micron-sized local point contacts and (b) a CIGS solar cell with a surface passivation stack and nano-sized local point contacts. Also the typical base/absorber thickness, minority carrier diffusion length, contact opening diameter and distance between contact openings are specified. The SCAPS modeling shows that rear surface passivation of thin CIGS solar cells can lead to higher V OC and J SC -and hence cell efficiency -if the passivation layer supplies sufficient surface passivation and internal reflection at the same time. For R b ¼70%, Fig. 2 shows that using thinner CIGS absorber layers leads to higher V OC if the S b is low enough, e.g. S b ¼1 Â 10 3 cm/s. However, as shown in Fig. 3 , if a rear surface passivation layer leading to S b ¼ 1 Â 10 3 cm/s is combined with CIGS absorber layers that are too thin and R b that is too low, the absorption of charge carriers, and hence J SC , will drop. Fortunately, combining CIGS absorber layers between 1 and 1.5 mm thick with a rear surface passivation leading to (i) low enough S b (≤1 Â 10 4 cm/s; S b of a typical Mo/ CIGS interface is about 1 Â 10 6 cm/s [18] ) and (ii) high enough R b (≥60%; typically R b ≤60% for the Mo/CIGS interface, see below), does improve the CIGS solar cell V OC and even J SC .
Nano-sized point contacts and Al 2 O 3 surface passivation
The technologically viable approach to generate nano-sized point contacts is based on the formation and subsequent removal of spherical particles (so-called colloids or precipitates) in CBD of CdS. After preparing the CBD solution, SLG/Mo substrates are only dipped when the CBD solution reacted for X min -during which time CdS particles are formed within the solution [19] . Thereafter, the substrates are immersed for Y min and a thin particle-rich CdS film is grown. By varying time intervals X and Y the particle-density can be varied. Fig. 4 shows scanning electron microscopy (SEM) pictures of thin particle-rich CdS layers deposited on SLG/Mo substrates before and after particle removal; in this case X and Y equal 4 min and an extra layer of CdS is grown to intensify the contrast in Fig. 4(b) . Particle removal is established in various ways, via (i) ultra-sonic agitation, (ii) dry ice (liquid CO 2 ) cleaning, or (iii) mechanical wiping. Using SEM measurements, an average particle diameter of 285730 nm and average point opening diameter of 220725 nm is calculated.
To actually create nano-sized point openings in rear surface passivation layers for CIGS, the passivation layer is (a) grown on this particle-rich CdS layer and (b) subsequently the particles are removed; see Fig. 5 for a schematic representation. This way, a passivation layer with nano-sized point openings having a diameter around 220 nm is obtained.
ALD of Al 2 O 3 is applied as CIGS surface passivation; it is an adequate passivation layer for p-type CIGS surfaces thanks to its high density of negative charges. Previously, an improvement of two orders in magnitude is reported for the integrated photoluminescence intensity of Al 2 O 3 passivated CIGS compared to unpassivated CIGS: (i) first principles calculations indicate that the deposition of Al 2 O 3 reduces about 35% of the interface defect density and (ii) Al 2 O 3 exhibits a large density of negative charges -causing a field effect that reduces the CIGS surface minority charge carrier concentration and hence passivates the interface effectively [18] .
Solar cell integration
Thick Al 2 O 3 rear surface passivation layers are observed to blister during CIGS absorber layer evaporation, resulting in underperforming solar cells. Applying Al 2 O 3 as rear surface passivation of CIGS solar cells implicates that the Al 2 O 3 layer has to endure the harsh CIGS growth conditions: temperatures above 500 1C in an atmosphere of Se. Unfortunately, too thick ALD Al 2 O 3 films annealed at such temperatures are observed to blister, deteriorating solar cell performance. Therefore, extremely thin films are applied: between 2 and 4 nm of Al 2 O 3 . However, this gives restrictions for R b , as seen in Fig. 6 where R b as a function of wavelength is depicted for an unpassivated CIGS device and 2 or 50 nm Al 2 O 3 rear passivated CIGS devices. Fig. 6 shows that applying 2 nm of Al 2 O 3 as rear surface passivation layer increases the R b only slightly, a thicker Al 2 O 3 layer or other approaches are needed for a larger R b enhancement. Note that blistering of Al 2 O 3 and its negative impact on solar cell performance are also described earlier [8, 20] .
Since Al 2 O 3 layers act as a barrier for Na diffusion from the SLG substrate, extra supply of Na is needed. Fig. 7 depicts representative J-V curves for Al 2 O 3 (2 nm) rear surface passivated CIGS solar cells having nano-sized local rear point contacts with and without 15 nm of NaF evaporated on top of the Al 2 O 3 passivation layer. Fig. 4 . Scanning electron microscopy pictures of (a) a particle-rich CdS layer grown on a SLG/Mo substrate and (b) the same substrate after CdS particle removal. 5 . Schematic cross-section of (a) a surface passivation layer grown on a particle-rich CdS layer, and (b) the full SLG/Mo/CdS/passivation-layer substrate having nano-sized point openings after CdS particle removal. Fig. 7 shows that Al 2 O 3 rear passivated cells without extra Na supply have a low fill factor (FF) and a J-V curve showing a "rollover" effect, characteristic for devices lacking Na [21] . Note that (i) Al 2 O 3 films are indeed known to be excellent gas diffusion barriers [20, 22] and (ii) this roll-over effect is not as pronounced as in Na-free cells [21] . Furthermore, Fig. 7 also shows representative J-V curves for Al 2 O 3 (2 nm) rear passivated CIGS solar cells without local rear point contacts and unpassivated reference cells.
Thin Al 2 O 3 rear passivated CIGS solar cells (1.5 mm absorber thickness) with and without nano-sized local rear point contacts are made and compared to unpassivated reference cells, see Table 1 for an overview of the average solar cell characteristics. The large difference in J SC and FF between Al 2 O 3 rear passivated cells with and without local rear point contacts (i) indicates that the passivation layer is intact after CIGS processing and (ii) proves that the point contacts are required to obtain appropriate back contacting. Thus, in other words, the Al 2 O 3 film acts as a barrier layer for charge transport and therefore point openings are needed for back contacting. As listed in Table 1 , the Al 2 O 3 rear passivated solar cells with local rear point contacts show an average improvement in V OC of 14 mV compared to the reference cells, while the average J SC , FF and conversion efficiency (Eff.) results are comparable. For all cells listed in Table 1 , a representative J-V curve can be found in Fig. 7 . Note that for reasons of comparison also the unpassivated reference cells have an additional NaF layer (15 nm) deposited on the Mo back contact. However, unpassivated reference cells without this extra NaF layer lead to equivalent cell characteristics (not shown), which is expected as the used soda lime glass substrates contain plenty of Na.
The higher V OC , but similar J SC for Al 2 O 3 rear surface passivated solar cells with nano-sized local rear point contacts compared to unpassivated reference cells can be explained by (a) improved rear surface passivation and (b) equivalent rear internal reflection. (a) Comparing SCAPS modeling to the manufactured solar cell devices indicates that the increase in V OC is attributed to a decrease in rear surface recombination of a few orders. Fig. 8 shows the SCAPS simulated V OC as a function of S b for a CIGS absorber thickness of 1.5 mm and R b as defined in Fig. 6 . Also the solar cell devices having V OC ≥628 mV are shown in Fig. 8 ; it indicates that for Al 2 Table 1 . Note that a direct link between V OC and rear surface passivation is assumed, because in case of adding NaF or a rear surface passivation layer no direct impact could be observed on solar cell characteristics for the unpassivated reference cells or on CIGS Fig. 8 . SCAPS simulated open circuit voltage as a function of surface recombination velocity for a CIGS thickness of 1.5 mm and a rear internal reflection as defined in Fig. 6 . Also the solar cell devices of Table 1 with V OC ≥628 mV are shown, and the quantity of devices having this specific V OC is displayed between brackets.
microstructure (based on various cross-sectional SEM pictures), respectively. (b) The similar J SC for the passivated and unpassivated solar cells is explained by a too small increase in R b for adding a 2 nm Al 2 O 3 rear surface passivation layer, as already seen in Fig. 6 . However, to obtain the full potential of this advanced rear contacting design more reflective rear surface passivation layers have to be combined with even thinner CIGS absorber layers and a more optimized point contacting grid. In Figs. 2 and 3 , it is shown that -if R b is high enough -additional improvement of V OC and even J SC can be expected for cells with a 1 mm thick absorber layer. Therefore, the attention is currently on (i) developing an approach to use thicker Al 2 O 3 films (see Fig. 6 for the impact of Al 2 O 3 thickness on R b ), (ii) integrating other advanced light trapping techniques (e.g. [23] ) and (iii) screening other passivation layer candidates. Moreover, the present contact opening configuration is based on rough calculations. Therefore, other technologically feasible contact opening approaches are investigated in combination with ideal contacting grids created by electron beam lithography. A variation in contacting grids can then be used to investigate the influence of CIGS grain boundaries, which is currently omitted in the applied 1-D SCAPS modeling [24] . 
Conclusions and outlook
